Titanium (Ti) is widely used for oral cavity biomedical devices. However, because it penetrates the mucosa and exists partially external to the tissue, it sometimes induces tissue inflammation, minor infection, or peri-implantitis due to oral bacteria after implantation and causes serious consequences. We have previously shown that poly(ethylene glycol) (PEG)-electrodeposited Ti inhibits bacterial adhesion and biofilm formation. However, the effect of the PEG coating in body fluid is still unclear. In this study, we investigated bacterial colony morphology and biofilm formation on PEG-electrodeposited Ti in comparison with untreated Ti in the presence of saliva. After 48 h incubation, Streptococcus mutans biofilms adhered on the untreated Ti were rigid and cohesive, while those on the PEG-electrodeposited were loose and were easily washed off. These results indicate electrodeposited-PEG layers inhibit the biofilm formation on Ti in the presence of saliva.
INTRODUCTION
Titanium (Ti) and Ti alloys are widely used for various biomedical devices because of their advantages of tissue compatibility and superior mechanical properties [1] [2] [3] . However, protein layers are formed on the surface of Ti under physiological conditions and make it suitable for bacterial adhesion, bacterial colonization, and biofilm formation because of its high tissue compatibility [3] [4] [5] [6] . Because these devices, such as dental implants, temporary orthodontic anchorage devices, external fixators, and percutaneous devices, often penetrate the human mucosa, skin, or bone but exist partially external to the tissues 7) , infection may occur following bacterial adhesion and cause serious morbidity such as peri-implantitis, osteomyelitis, and bacteremia 8) . In particular, Ti-based dental implants used in the oral cavity are exposed to a bacteria-rich environment at all times, and biofilm formation on the external surface of such implants may be a major risk factor in the failure of biomedical procedures.
The first stage of microbial infection is colonization. Microbial pathogens usually colonize host tissues that are in contact with the external environment, and organisms that infect mucosal surfaces have usually developed tissue adherence mechanisms and some ability to overcome or withstand the constant pressure of the host defenses at the surface. When bacteria adhere to the surface of a material, the consequences are affected by several environmental factors, such as the associated flow conditions, the presence of serum proteins or antibiotics, and the surface properties of the material. With sufficient nutrient supply, adhered bacteria develop by co-aggregation and grow into a biofilm 9) . Indeed, there are two processes for bacterial adhesion; an initial physicochemical interaction phase and a late molecular and cellular interaction phase. While the bacteria adhere to the material surface instantaneously and reversibly in the first phase, the second phase is a time-dependent one in which the adhesion becomes irreversible and united at the molecular and cellular level 9, 10) . There is a point in these processes, particularly in the first phase, at which the existing protein layer acts as an important intermediary for bacteria to adhere to the material. Bacterial adhesion occurs sequentially, followed by multiplication and colonization, and the biofilm continues to grow. Once the biofilm has been formed and adhered in the second phase, the bacteria increase synthesis of extracellular polymeric substance and the biofilm develops antibiotic resistance. Biofilmembedded pathogens are difficult to eliminate once a biofilm has formed. On some occasions, infected devices need to be removed to exclude the source of the infection and to prevent subsequent and serious infectioncaused disease. Therefore, it is of critical importance to investigate how to inhibit biofilm formation so that biological materials can be used in a stable state for long periods.
At present, several methods of preventing bacterial adhesion and biofilm formation on metal surfaces have been reported 3, [11] [12] [13] . In consideration of the processes of bacterial adhesion and biofilm formation, modification of the metal surface with an anti-protein active factor, that is, a protein-resistant coating, could be useful to prevent bacterial adhesion and biofilm formation.
To develop such functional metallic medical devices, several methods of coating functional polymers on metal surfaces have been investigated. Poly(ethylene glycol) (PEG) has been reported to have the ability to inhibit protein adhesion, platelet adhesion, bacterial adhesion, or biofilm formation 14, 15) . In addition, PEG-immobilized Ti has been demonstrated to be effective in suppressing biofilm formation, protein adsorption, and bacterial adhesion [16] [17] [18] . In these studies, the methods used to immobilize PEG on metal surfaces have been complicated by the inclusion of a multistage process for the synthesis of poly( L -lysine) and PEG (PLL-g-PEG) graft copolymers and stabilization by immersion. We have developed an electrodeposition technique to immobilize PEG on metal surfaces. The method electrically immobilizes PEG on the metal surface using both terminal amine-modified PEG [19] [20] [21] . After applying cathodic potential, the terminal amine-modified PEG migrates to the metal surface and binds to it firmly. Ti electrodeposited with PEG has been reported to be effective in inhibiting protein adsorption, platelet adhesion, bacteria adhesion, and biofilm formation in vitro 22, 23) . However, before PEGimmobilized Ti can be applied as a metallic medical device, this function should be confirmed under proteinrich conditions, such as inside the body or in the oral cavity. For example, it is reported that the effect of PEG coating decreases in modified silicone rubber when body fluid rich in protein is present 24) .
The purpose of this study, therefore, was to determine the effect of electrodeposited PEG on the prevention of biofilm formation under a saliva-rich environment, assuming the adaptation of titanium devices in the oral cavity.
MATERIALS AND METHODS

Specimen preparation and immobilization of PEG by electrodeposition
Commercially-available pure Ti disks of 8 mm in diameter and 2 mm in thickness were prepared from wrought Ti rods (grade 2, Rare Metallic Co., Inc., Tokyo, Japan). Two types of surface roughness Ti disks were prepared: mirror-polished (Ti P) and rough(TiR). The disks were mirror-polished (TiP) in turn with SiC paper, 9-µm diamond suspension, and 0.04-µm colloidal silica suspension. Mirror-polished Ti disks further polished with #1000-grit SiC paper (Ti R) were also prepared. TiP disks were used for examination of surface charactarizasion and TiR disks were used for bacteriological examinations. The TiP and TiR disks were cleaned of macroscopic contamination ultrasonically in acetone for 30 min, dried with a stream of nitrogen (99.9%), and stored in a desiccator until immobilization with PEG.
Immobilization of PEG on Ti by electro-deposition was performed using a method described elsewhere [21] [22] [23] .
The PEG molecules used in this study were characterized by termination with NH 2 (NH2-PEG-NH2, MW 1,000, PEG1000 Diamine, NOF Corp., Tokyo, Japan) at both terminals of the molecule. The NH 2-PEG-NH2 was dissolved in 0.3-mol L −1 NaCl solution at a concentration of 0.1 mass%, and 1-mol L −1 NaOH was added to adjust the pH to 11.0. The solution was used as an electrolyte for electrodeposition at 37°C. The open circuit potential of Ti was measured relative to a saturated calomel electrode (SCE) before electrodeposition. After immersion for 10 min, a cathodic potential was applied from the open circuit potential at a constant sweep rate of −0.1 V s −1 and was maintained at −3.0 VSCE for 30 min. During cathodic polarization, NH2-PEG-NH2 migrated to the cathodic titanium and was immobilized as shown in Fig. 1 . After electrodeposition, each specimen was rinsed in deionized water, cleaned of physically adsorbed PEG by ultrasonication for 15 min, and dried under flowing nitrogen (99.9%) (PEG-Ti P and PEG-TiR). All specimens were sterilized with gamma rays before experiments.
Thickness and surface topography of the immobilized PEG layer
Ti P specimens were used for surface characterization. The thicknesses of the NH2-PEG-NH2 layer immobilized on PEG-TiP (n=6) were determined by ellipsometry (DVA-36Ls, Mizojiri Optical Co., Tokyo, Japan) in air. The light source was a He-Ne laser with a wavelength of 632.8 nm, and the angle incident to the surface of the specimen was 70°. The thickness was calculated by optical constants: the refractive index and absorption coefficient of Ti oxide with the Ti substrate were 2.209 and 3.079 25, 26) , and those of the Ti substrate were 2.22 and 2.99 27) , respectively.
In addition, the NH2-PEG-NH2 layer immobilized on PEG-TiP was imaged with scanning probe microscopy (SPM, SPM-9000, Shimadzu Co, Kyoto, Japan) in dynamic force mode using a silicon nitride probe cantilever (Pointprobe ® sensor type NCHR-20, spring contact of k = 42 N/m, Nanoworld AG, Neuchâtel, Switzerland) in air. The imaging size was 1 µm×1 µm.
Bacterial suspensions
Streptococcus mutans (S. mutans) MT 8148 was grown at 37°C on a BHI (Sigma-Aldrich, St. Louis, MO, USA) agar plate. A single colony was inoculated into 5 mL of BHI broth at 37°C overnight. The culture was diluted 1:50 into 5 mL fresh BHI broth, then incubated at 37°C until OD 570 reached 0.5-0.6. The bacterial cells were collected by centrifugation for 5 min at 9,000×g and washed with new BHI broth twice. The bacterial pellets were resuspended in BHI broth with 1% sucrose to 1×10 6 cells/mL.
Saliva collection
Fifteen milliliters of human whole saliva was collected from each of 20 healthy volunteers of both genders (10 men and 10 women, aged 24-32 years) at rest. They were given informed consent to saliva collection, in agreement with the experimental protocol approved by the Research Ethics Committee of Tokyo Medical and Dental University Faculty of Dentistry (No. 837). The collected saliva were pooled and centrifuged at 10,000×g for 15 min at 10°C, sterilized by membrane filtration through a sterile 0.22-µm filter (Corning ® Bottle-Top Vacuum Filters, 0.22-µm pore size, Corning Inc., New York, NY, USA), and stored at −80°C until use.
Bacterial adherence and biofilm formation
Ti R and PEG-TiR disks were used for bacterial adherence and biofilm formation experiments. Specimens were incubated in 4 mL of S. mutans cells suspension at 37°C for 60 min to allow the adhesion of the bacteria, and the specimens were rinsed with BHI broth. After that, the specimens were placed in 24-well plates with 1 mL BHI broth containing 0.25 mL saliva, 0.25 mL phosphate-buffered saline (PBS, pH 7.4) and 1% sucrose (final concentration). The specimens were incubated in the broth for 24 and 48 h at 37°C with constant shaking for biofilm formation. After the incubation period, the specimens were washed in two ways; 1) the specimens were rinsed with sterile PBS twice to remove loosely attached or unattached bacteria, and 2) the specimens were washed by ultrasonication (Handy Sonic, UR-20P, TOMY SEIKO Co., Tokyo, Japan) in sterile PBS for 2 s to remove loose adherent colonies, and rinsed with sterile PBS twice. All specimens were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature.
Morphological study of the biofilms by scanning electron microscope Specimens for scanning electron microscopic examinations were dehydrated through a series of ethanol (50, 70, 80, 90, 95 , and 100 vol%) washes, desiccated using critical point drying (HCP-2, Hitachi, Tokyo, Japan), and sputter-coated using platinum (E102, Hitachi). Each of the specimens was examined and photomicrographed using the scanning electron microscope (S-34000NX, Hitachi). The imaged area was selected randomly.
Biofilm assays
Biofilm formation was estimated by the crystal violet (CV) staining method 28, 29) . The extent of biofilm formation was determined quantitatively by staining the biofilm with dye, extracting the bacterial cellassociated dye, and determining its absorbance at the appropriate wavelength. The specimens (n=9 per group) were stained with 0.1% CV solution for 30 min at room temperature after fixing, washed with distilled water, and dried. Then, the CV-stained biofilm on the sample was extracted in 300 µL 33% acetic acid, and quantified by measuring its absorbance at 595 nm with a microtiter plate reader (iMark TM , Bio-Rad Laboratories, Hercules, CA, USA).
The relationship among four groups; 1) the untreated Ti R after washing with PBS, 2) the untreated TiR after ultrasonic treatment, 3) PEG-treated TiR after washing with PBS and 4) PEG-treated TiR after ultrasonic treatment, was analyzed using the Bonferroni-adjusted Mann-Whitney U test; a non-adjusted statistical level of significance of p<0.05 corresponded to a Bonferroniadjusted level of p<0.0083.
RESULTS
Thickness and surface topography of the PEGimmobilized layer on Ti
The SPM images of Ti P and PEG-TiP are shown in Fig. 2 . The untreated TiP surface ( Fig. 2a ) was smooth without projections originating from electrodeposition, while the PEG-Ti P surface (Fig. 2b) had small granular projections. The electrodeposited NH2-PEG-NH2 molecules formed spiked clumps evenly across the TiP surface. The thickness of the immobilized PEG layer was determined to be 2.49±0.39 nm by ellipsometry. Scanning electron microscopy (SEM) images of the sample surface grinded with #1000-grit SiC paper (Ti R and PEG-TiR) are shown in Fig. 3 . There was no difference between TiR (Fig. 3a ) and PEG-TiR (Fig. 3b ) at this magnification.
Morphological study of the biofilms by scanning electron microscopy S. mutans adhered on the Ti R and PEG-TiR surface for 1 h and cultured over time (24 and 48 h) were visualized using SEM. The surface morphologies of specimens after S. mutans adhesion for 1 h are shown in Fig. 4 . S. mutans cells or single chains were adhered on both surfaces, and there was no significant difference in the initial attachment of bacteria between TiR (Fig. 4a ) and PEG-TiR (Fig. 4b) .
S. mutans colonies formed on TiR and PEG-TiR after incubation for 24 h and 48 h. By 24 h, more bacteria were observed on each surface. The SEM images shown in Fig.  5 depict the samples after 24 h cultivation. Although all the images were taken at random fields of view, each image showed the same appearance. Both large (>50 µm) and small (ca. 10 µm) colonies were observed on the surface of the untreated Ti R after washing with PBS ( Fig. 5a-c) . After the ultrasonic treatment, the large colonies were removed, while the small colonies and S. mutans cells remained on the surface of the TiR (Fig. 5df ). The small colonies were tightly bonded to the surface. In contrast, the surface of the PEG-Ti R samples was different from that of the untreated TiR. Both the large and small colonies seemed to remain on the surface of the PEG-Ti R after washing with PBS ( Fig. 5g-i) .
However, most colonies of both sizes were removed after the ultrasonic treatment, and only a slight amount of bacterial cells remained attached to the surface of PEG-Ti R (Fig. 5j-l) . SEM images after 48-h cultivation (Fig. 6 ) showed a phenotype similar to that observed after 24 h.
Both large and small colonies were found on the surface of the untreated Ti R after washing with PBS ( Fig. 6a-c) .
After the ultrasonic treatment, the large colonies were removed and the small colonies and S. mutans cells remained on the surface of the untreated Ti R (Fig. 6d-f ). Both large and small colonies were found on the surface of the PEG-Ti R after washing with PBS ( Fig. 6g-i) . After the ultrasonic treatment, most colonies of both sizes were removed and slight amount of S. mutans cells were attached to the surface of the PEG-Ti R (Fig. 6j-l) . There was no obvious difference between specimens The other SEM images of ultrasonicated Ti R and PEG-TiR after 48h incubation were shown in Fig. 7 . The biofilm on the PEG-Ti was easily removed by ultrasonic cleaning. Indeed, untreated Ti showed a colony-like bacterial adhesion (Fig. 7a) and a glucan-like residual structure in the removed portion of bacteria (Fig. 7b) . On the other hand, no remaining glucan-like bacteria structure or S. mutans colony shape was observed on the PEG-Ti (Fig. 7c) . Similar findings were observed for any view of the PEG-Ti surface.
Quantitative evaluation of biofilm formation on specimen surfaces
The amount of biofilm attached on the specimen surface was shown in Fig. 8 . After 24 h cultivation, there was a significant difference in the amount of biofilm between the untreated Ti R and PEG-TiR after washing with PBS, the rate of decrease was not remarkable. There was a significant difference in amount of biofilm between the untreated Ti R after washing with PBS and the untreated TiR after ultrasonic treatment and there was also a significant difference in both PEG-treated TiR after washing with PBS and PEG-treated TiR after ultrasonic treatment. Moreover, there were significant differences in both the untreated Ti R and PEG-treated TiR after ultrasonic treatment. While the ultrasonic treatment has washed out about 70% of the amount of biofilm adhered on the untreated Ti R, the effect was much more conspicuous in the PEG-treated TiR. Similar tendencies were found even after 48 h cultivation. Although there was no significant difference in the amount of biofilm between the Ti R and PEG-TiR after washing with PBS, there was a significant reduction for both TiR and PEG-TiR after ultrasonic treatment compared with those without ultrasonic treatment. Of particular note was the significant decrease in the amount of biofilm on PEG-Ti R after ultrasonic treatment compared with that on TiR after identical treatment.
DISCUSSION
The PEG (MW 1,000) elecrtodeposited on Ti has the ability to inhibit protein adsorption and platelet and bacterial adhesion as revealed in previous studies 22, 23) . It is also reported that the density of immobilized PEG decreased with the increase of molecular weight. In addition, another studies showed that as the molecular weight of polymer increases, excluded-volume effect is enlarged and the electrodeposition of the polymer is disturbed. Furthermore, the nonspecific adsorption of proteins and peptides are influenced by the density of PEG 30, 31) . Therefore, we employed the PEG with a MW of 1,000 in this study as the previous studies. The PEG molecules used in this study were terminated with NH 2 at both terminals(NH2-PEG-NH2). Since the NH2-PEG-NH2 has a symmetrical structure, the molecule was considered to be immobilized as the U-Shape 20) . The SPM images of PEG-TiP showed small granular projections and the height of the projections was less than 3 nm (Fig. 2b) . The molecular chain length of the NH 2-PEG-NH2 (MW 1,000) were 7.6 nm as theoretical value 32) . The thickness of the immobilized PEG layer determined by elllipsometry was approximately half of the molecular chain length. Therefore, the PEG (MW 1,000) molecule would be immobilized as the U-shaped ideally in this study.
High tissue compatibility is required for materials used in the human body. Materials immediately and spontaneously acquire a layer of host proteins after implantation prior to interaction with host cells, and proteins and host cells easily adhere to materials that have high tissue compatibility [33] [34] [35] . However, this property may also attract other undesirable bacteria or microorganisms. Indigenous bacteria is present in the body including the oral cavity and those of bacteria are in harmony with the body. Subsequent biofilm formation on the external surface of implants may be a major risk factor in the failure of biomedical procedures. Therefore, methods of preventing bacterial adherence to or subsequent biofilm formation on metal surfaces have been studied. The most basic method to prevent biofilm formation on the surface of a material is polishing, because surface roughness gives a foothold for bacterial adhesion and biofilm formation 11) . Other surface modifications, such as ion implantation, ion plating, oxidizing, molecular grafting, and coating, have also been applied and the effects of their implementation studied 3, 12, 13, 36) . Because the production of metallic materials requires melting, casting, or cutting, surface modification such as coating is the only method capable of imparting biological function on the surface as well as retaining the mechanical properties of the metal. In particular, the immobilization of functional molecules or biomolecules on metal surfaces has attracted recent attention. According to the process of bacterial adhesion and biofilm formation, a surface modification with an anti-protein activity would be useful, and hence proteinresistant coatings have been chosen in this study 3) .
In most clinical applications, biomaterials are constantly exposed to body fluids including plasma in the human body, saliva in the oral cavity, and urine in the urinary tract. Because these physiological fluids contain various host proteins, it is essential to consider the influence of body fluids and proteins on the adhesion of bacteria to materials when a biomaterial is used in vivo. In the oral cavity, saliva adsorption leads to the formation of pellicles, and bacterial adhesions subsequently occur 37, 38) . Pioneer bacteria in saliva recognize the binding proteins in adsorbed pellicles and attach to them. This adhesion is reversible. In the past studies, the protein and glycoprotein components of saliva have been found to cause a reduction in differences in surface energy of materials. Furthermore, bacterial adhesion is influenced by composition of adsorbed pellicles and conformasion of glycoproteins of pellicles, which is dependent not only on the material itself but especially on the surface energy.
Salivary pellicles also play an important role in the maintenance and microbial colonization of oral surfaces. Salivary pellicles form on not only teeth but also on dental appliances, restorations, titanium implants, and orthodontic appliances [39] [40] [41] . In particular, the interactions between salivary components in pellicles and microorganisms affect initial microbial adherence, which is recognized as a primary step of plaque formation and associated disease 42) . Bacteria have differing affinities for specific surfaces, which may involve bacterial receptors for ligands found in pellicles coating oral surfaces 43, 44) . Therefore, initial bacterial adhesion is considered to be affected by pellicles. Although Tanaka et al. previously showed that immobilization of PEG on Ti surfaces prevents pellicle formation and decreases bacterial adhesion and biofilm formation 23) , they only investigated primary salivary pellicle surfaces, incubated only in broth absent of saliva. Therefore, the main objective of this study was to evaluate the effect of PEG immobilization on Ti by electrodeposition (PEG-Ti) in preventing the adhesion of bacteria and formation of biofilm in the presence of saliva in vitro. We evaluated the quantity of biofilm formed and the strength of the biofilm adhesion in this saliva environment. In this study, the amount of biofilm formed on untreated Ti and PEG-Ti was almost the same. However, the strength of the adherence was different; biofilm on PEG-Ti surfaces adhered weakly compared with that on untreated Ti surfaces.
S. mutans is harbored in matured plaque and plays an important role in the formation of biofilms 45, 46) . S. mutans MT8148, the laboratory strain, have been found to be capable of producing three major glucosyltransferases. In the presence of sucrose, the glucosyltransferase enzymes produce water-insoluble glucan, which is related to the adhesion and formation of biofilm [47] [48] [49] . The sucrose-dependent adherence and accumulation of genus streptococci is critical to the development of a pathogenic plaque. Once biofilms have formed, it is very difficult to remove the glucan-embedded pathogens because the glucan is a sticky substance that strongly adheres to material surfaces, allowing bacteria to co-aggregate and form mature biofilm. For this reason, a biomaterial surface modification that is resistant to bacterial attachment or adhesion and biofilm formation is required. The results of ultrasonic cleaning clearly showed evident differences between Ti and PEG-Ti. In the presence of the PEG layer, the aspects of the biofilm remaining on the sample surface after ultrasonic cleaning were clearly changed. Thus, plenty of colonylike or glucan-like structures were found on Ti R and very little structure could be detected on PEG-TiR (figs. 7a-c). These results indicated that the PEG coating may have changed the strength of bacterial adhesion and stabilization of the biofilm.
Various interactions, such as van der Waals forces, electrostatic attraction, hydrophobic interactions, and hydrogen bonding, are present between a substrate surface and protein. In the process of adsorption of proteins to the surface of the materials, the proteins need to be present in high concentrations at first. Then, the proteins would be replaced by proteins of higher affinity. This is referred to as the Vroman effect 50) . Most of the bindings between bacteria and proteins are specific ligand-receptor interactions. Therefore, to prevent the adsorption of proteins to the material surface is essential in preventing bacterial adhesion and biofilm formation.
Among water-soluble polymers, PEG shows solvent affinity, a large excluded volume effect, and a high mobility. As a result, the properties of PEG have a great effect on the bio-interface construction in particular, and the coating may efficiently affect adhesion. Previous studies suggest that electrodeposited PEG on Ti inhibits salivary protein adsorption 23) , and these observations may also support our theory; PEG has acted to prevent protein adhesion, and has weakened the biofilm proteinmediated adhesion to the material surface despite the presence of a large amount of saliva protein. Even though the PEG coating has prevented protein adhesion, the bacterial cells may still adhere to each other and resist washing. Similar amounts of S. mutans cells were found attached to both the Ti and PEG-Ti surfaces. Moreover, similar amounts of biofilm formation were found on the specimens washed with PBS after incubation for 24 h and 48 h. Nonetheless, there was a significant difference between Ti and PEG-Ti in the amount of biofilm adhesions after ultrasonic treatment. This difference may be attributable to the adhesive mechanisms; the biofilm attaches directly to the Ti surface, whereas it is bonded to the PEG-Ti surface via the 2.5-nm-thick PEG layer. This may have yielded the marked difference obtained with the PEG coating treatment. Although we have proven that PEG immobilization changed the bacterial adhesion and biofilm formation on Ti in vitro, there are still problems to be solved. Because those biomaterials with immobilized PEG would remain in the body for a long time, it will be necessary to investigate the durability and the stability of the immobilized PEG layer under physiological conditions in future studies.
In addition, the PEG-electrodeposition technique itself also needs to improve to make it more convenient and more efficient. Investigations on the immobilization of a complex of PEG chains with different lengths and the relationship between length and immobilization density of PEG and bacterial adhesion to determine better conditions is necessary and under way.
CONCLUSION
This study was to evaluate the ability of electrodeposited PEG coating on Ti to prevent the biofilm formation under the presence of saliva. The data of our study suggested that the PEG coating inhibit the adhesion of S.mutans biofilm on Ti surface and the effect is not impeded by the presence of saliva. Thus, these results indicated that the electrodeposition of a PEG layer on Ti is useful when applied in the oral cavity.
